The coordination of the easily prepared 3-(pyridin-2-yl)imidazo [1,5-a]pyridine (pyridyl aza indolizine, Py-indz) ligand to several metal moieties has been studied, and its electronic properties, similar to the classical ligands 2,2'-bipyridine (bipy) and 1,10-phenanthroline (o-phen) are reported. New complexes have been prepared and fully characterized by X-ray crystallography and other typical spectroscopic methods when possible. Paramagnetic complexes (6) [RuClp-cym(Py-indz)]PF6 (17) has the familiar halfsandwich ''three-legged piano-stool'' geometry.
Introduction
We have recently reported a facile method for the preparation of Mn(II) complexes with 3-(pyridin-2-yl)imidazo [1,5-a] pyridine (pyridyl aza indolizine, Py-indz) acting as chelate ligands. The heterocyclic ligand containing a 9-aza-indolizine skeleton is produced by condensation of two molecules of pyridine-2-carboxaldehyde and one mol of ammonium cation within the coordination sphere of a Mn(II) bis dithiophosphate complex. [1] The Py-indz ligand can be easily removed from the manganese complex and isolated as a high purity crystalline solid. Previous methods based mainly on the cyclization of N-2-pyridylmethyl amines were modestly efficient, [2] and other new routes were proposed, based on the acid-promoted condensation of dipyridylamines, [3] the oxidative condensation of aldehydes with 2-pyridyl-amines, [ 4 ] , [ 5 ] the aza-Wittig reaction on N-vinyl phosphazenes [6] or the cyclization of 2-enynylpyridines, [7] and coupling reactions to provide imidazo [1,5-a] pyridine Nheterocyclic carbene precursors. [8] There are only a few examples of the use of 3-(pyridin-2-yl)-imidazo [1,5-a] pyridines as ligands in Cu(II), [9] Ni(II), [10] V(V), [11] Ir(III) [ 12 ] and Re(I) complexes, [ 13 ] or analogues in Cd(II), [ 14 ] to prepare boron complexes [15] or involved in catalytic process of N-heterocyclic synthesis. [ 16 ] Some related derivatives of 3-(pyridin-2-yl)-imidazo[1,2-a]pyridine have been used in situ to regulate metal-induced amyloid-aggregation. [17] These ligands with a 2-azaindolizine skeleton have received some attention recently due to their interesting properties [ 18 ] and potential pharmacological applications. [19] , [20] This prompted us to screen the potential of the now easily available Py-indz ligand in the preparation of complexes. While research on the mechanism and the optimization of the reaction leading to Py-indz is currently in progress in our laboratory we have found that Pyindz can act as a versatile ligand towards a wide range of either transition or main group metals, coexisting with a wide range of accompanying ligands, either soft such as iodide, phosphine or dithiolate, or hard such as nitrogen or oxygen donors, with classic and organometallic fragments. Herein we report the preparation of a variety of complexes with transition and main group metals together with their characterization by spectroscopic and crystallographic methods.
Results and Discussion
In view of the stability and the facile preparation and purification of the derivatives containing the manganese bis-dithiophosphate moiety, we sought to prepare the analogous complexes with nickel using the readily available Ni(II) bis dithiophosphate. The reaction of [Ni{S2P(OEt)2}2] with one mol-equivalent of Py-indz gave compound 1 in good yield. The analogous reaction starting from the xanthate gave 2 and using [Ni(acac)2(MeOH)2] gave 3 (Scheme 1). Compounds 1-3 were readily purified by recrystallization and their structures were determined using Xray crystallography (see Figures 1, 2 and Table 1 ).
Scheme 1.
Synthesis of nickel complexes with Py-indz..
The tris-chelate complex [Ni(Py-indz)3](PF6)2 (4), can be obtained by adding three mol-equivalents of Py-indz to nickel perchlorate hexahydrate and subsequent anion exchange with KPF6. The structure of the cation is shown in Figure 3 . The values of the magnetic moment at room temperature for Py-indz nickel (II) compounds 1-3 are 2.78, 2.40, 2.78 BM respectively, and 2.90 BM for compound 4 at 20 K. These values indicate the presence of two unpaired electrons, as expected for octahedral Ni(II) complexes. The Py-indz ligand structure is reminiscent to the classical 2, 2'-bipyridine and 1,10-phenanthroline ligands, and we expected the same behavior when coordinated to a transition metal. To test this, tris-Py-indz nickel (II) complexes, analogous to the well known tris-bipy or tris-phen complexes, were prepared using standard methods and their UV-Vis spectroscopic properties measured and summarized in Table 1 . 1,426 [b] -[Ni(bipy)3] 2+ 12650 (7, 10) [a]
19200 (11, 60) [a]
12650
[a]
1,430 [b] -12674 (6, 33) The calculated values of , f and h for tris-Py-indz nickel (II) are similar to the reported values for the bipy and phen Ni(II) complexes confirming that the Py-indz ligand displays electronic effects close to those known for 2,2'-bipyridine and 1,10-phenanthroline. A similar procedure as for the above nickel complex gave diamagnetic, low spin d 6 , [Fe(Py-indz)3](PF6)2 complex (5) as a microcrystalline solid. 1D and 2D NMR spectra showed signals of the expected fac-and mer-isomers, but they were overlapped and it was not possible to make an assignment for each individual isomer (see Experimental Section and Supplementary Information). Despite repeated attempts it was not possible to grow crystals suitable for X-ray analysis for the tris-chelate iron complex 5 but a HRMS (High Resolution Mass Spectrum) could be carried out confirming the empirical formula.
In the case of high-spin d 5 Mn(II) complexes in which there is no
Crystal Field Stabilization Energy (CFSE), the structure can be induced by the stoichiometry of the reagents used in the preparation (Scheme 2).
Scheme 1. Synthesis of Mn(II) complexes with Py-indz
Addition of only one mol-equivalent of Py-indz to MnCl2 resulted in the formation of the binuclear complex [Mn2Cl2(-Cl)2(Pyindz)2] (6), in which the structure consists of two manganese centers bridged by two chloride atoms. Mn ion lies in a distorted square-pyramidal coordination involving the two N and Cl atoms in the basal plane and one Cl ion in the apical position. Mn atom is displaced 0.720 Å out of the N(1), N(2), Cl(2) and Cl(2A) least squares plane toward the apical halide. This considerable distortion is found in similar binuclear chloride bridged complexes of Mn (II). [21] The addition of two mol-equivalents of Py-indz to MnCl2 produces the expected distorted octahedral [MnCl2(Py-indz)2] (7) (Figure 4) . The values of magnetic moments at room temperature for Pyindz adducts of 6 and 7 compounds are 5.65 and 5.84 BM respectively, corresponding to 5 unpaired electrons. The readily available bis dithiophosphates of Zn (II), [22] and Cd (II) can be used as starting materials for the preparation of heteroleptic complexes with N-donor ligands, [ 23 ] [M(S2P(OEt)2)2(Py-indz)], M = Zn (8) and Cd (9). As can be seen in Figure 5 , the cadmium complex 9 is, as expected, hexacoordinate, while the Zn complex 8 is pentacoordinate with the Py-indz and one dithiophosphate ligand acting as bidentate chelate, and the second dithiophosphate acting as monodentate. It is noticeable that the Sn-halogen (I or Cl) distances are consistently longer when the halogen is in the trans position with respect to other halogen, compared to those in which the halogen is trans to nitrogen. This can be ascribed to the existence of some kind of trans influence, which is greater for the halogen and smaller for the nitrogen ligand. To support this argument, theoretical calculations have been carried out on complex 10. Starting from the geometry obtained by X-ray diffraction, an optimization at the B3LYP level using the LANL2DZ basis set for Sn and I, and 6-31G(d,p) for the rest of elements, led to a minimum in which the Sn-I distance is longer when another iodine is situated in the trans position. The same effect is seen in the related compound [SnI4(bipy)] that was reported by Medvedev et al (2.813 and 2.819 Å for the Sn-I distances with another I trans, 2.787 and 2.788 Å for the Sn-I distances with a N atom trans).
[24] Tin complexes 10, 11 and 12 are diamagnetic and can be studied by NMR in solution but, unfortunately, compound 10 couldn't be dissolved in the usual deuterated solvents. Complex 11 gives the representative pattern discussed above, but complex 12 shows a more complicated spectrum. At room temperature most of the signals of aromatic protons of 12 are so broad that they are indistinguishable from the baseline, suggesting some kind of dynamic process in solution. At lower temperature the process rate is reduced and at -50ºC the nine signals corresponding to the Py-indz ligand chelated to metal can be observed although they are still very broad (see Figure 7) . The low temperature spectrum is consistent with the structure observed in solid state by X-ray diffraction. At 20ºC the spectrum shows the expected well resolved sharped signals corresponding to the butyl ligands but they are [26]
Scheme 2. Synthesis of carbonyl complexes with Py-indz.
The (CO) bands of the coordinated carbonyls can be easily observed by IR spectroscopy in solution. The three band pattern expected for a fac-tricarbonyl arrangement appears at frequencies close to those observed for the bipy and phen analogues [27] (see Table 2 ). Contrary to the expected behaviour, some of the structures discussed above show twisted indolizine ligands. The twist angles, defined as the dihedral angle between the mean planes of the pyridine and imidazo rings, have been calculated with the Mercury program and are gathered in the Table 3 . Examining the packing of the different structures, it is observed that the indolizine ligand is almost planar when is -stacked with another indolizine from a neighboring molecule. To support the idea that the twisting is related to the packing and not to electronic effects, an optimization of the structure for the Ni complex 1 was performed at the B3LYP level, using the LANL2DZ basis set for the Ni, P and S atoms, and 6-31G(d,p) for the rest of elements. The optimization was started at the geometry of the X-ray structure, with a twist angle of approximately 20º, and the minimum was found with a much less twisted indolizine ligand (7º). [a] For a more accurate comparision, the spectra of the complexes with bipy and phen have been taken in the same solvent and measured with the same instrument. 
Conclusions
A variety of new complexes has been prepared using main group and transition metal moieties and the Py-indz ligand, and their structures have been fully characterized by spectroscopic methods and X-ray crystallography. In some cases, the structures can be induced by stoichiometry and complexes can be obtained with one, two or three molecules of the ligand. The twist angle between the imidazo and pyridine rings of the ligand is related to the packing mode of the structures, when two Pyindz ligands from neighbouring molecules are -stacked, these ligands are approximately planar, while when the -stacking is missing the twisting is significant. The ability of Py-indz to act as ligand towards metals in very different environments has been fully demonstrated. The Py-indz ligand behaves as a chelating ligand with similar electronic properties to the classical 2,2'-bipyridine or 1,10-phenanthroline. In this way, a value of 12554 for o was found in tris-chelate complexes of Py-indz with Ni(II), while o ranges from 12650 to 12700 for the corresponding bipy or phen Ni(II) complexes.Main Text Paragraph.
Experimental Section
Materials and general methods: some operations were performed under an atmosphere of dry nitrogen using Schlenk and vacuum techniques. Solvents, ligands and other reagents were purchased and used without purification unless otherwise stated. [23a] [Cu(NCMe)2(PPh3)2]BF4, [ 30 ] [MBr(CO)5] M= Mn, [ 31 ] Re, [ 32 ] [RuClpcymene(NCMe)2]PF6 was prepared from [RuCl2(p-cymene)2], [ 33 ] with NH4PF6 and stirring 12 hours in acetonitrile. All others agents were obtained from the usual commercial suppliers, and used as received.
Kieselguhr (diatomaceous earth, Merck) was used for filtration. IR spectra in solution were recorded with a Perkin Elmer Spectrum RX I FT-IR instrument, using cells with CaF2 windows. All NMR solvents were stored over molecular sieves and degassed prior to use. NMR experiments were measured on an Agilent MR400 and Agilent DDR2 500 spectrometers. Chemical shift values are given in ppm using the residual solvent signal as an internal reference. C gHMBC were recorded using standard pulse sequences. All NMR data processing was carried out using MestReNova, version 9.1.0. The magnetic moments were calculated from magnetic susceptibilities which were measured in Unidade de Magnetosusceptibilidade of Santiago de Compostela University. HRMS measurement (High Resolution Mass Spectroscopy) was performed in the Laboratorio de Técnicas Instrumentales of Valladolid University. Elemental analyses were performed on a PerkinElmer 2400B microanalyzer.
Computational details: all computations were carried out using the GAUSSIAN09 package, [ 34 ] in which the hybrid method B3LYP was applied with the Becke three-parameter exchange functional, [35] and the Lee-Yang-Parr correlation functional. [36] Effective core potentials (ECP)
and their associated double-z LANL2DZ basis set were used for the heavy atoms (Ni, P, S, Sn, I). [37] The light elements (O, N, C, and H) were described with the 6-31G** basis. [ 38 ] Geometry optimizations were performed under no symmetry restrictions, using initial coordinates derived from X-ray data of the same complexes, and frecuency analyses were performed to ensure that a minimum structure with no imaginary frecuencies was achieved in each case. [MnCl2(Py-indz)2] (7): compound 7 was prepared as described above for 6, using anhydrous MnCl2 (0.126 g, 1 mmol) and Py-indz (0.390 g, 2 mmol).Yield 0.502 g, 97%. eff (293K): 5.84 BM. Analysis calculated for C24H18N6Cl2Mn1: C 55.83, H 3.51, N 16.28. Found: C 55.62, H 3.11, N 16.18. Yellow crystals of 7 suitable for X-ray analysis were grown from CH2Cl2-hexane at room temperature. ), 7.56 -7.45 (m, 2H, H 7, 6 ), 7.27 -7.08 (m, 5H, (H)Ph). Study of 1 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17: diffraction data were collected using an Oxford Diffraction Supernova diffractometer, equipped with an Atlas CCD area detector and a four-circle kappa goniometer. For the data collection Mo or Cu microfocus sources with multilayer optics were used. Data integration, scaling and empirical absorption correction was carried out using the CrysAlis Pro program package. [39] The structure was solved using direct methods and refined by Full-Matrix-Least-Squares against F 2 with SHELX [ 40 ] under OLEX2. [41] The non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed at idealised positions and refined using the riding model. Graphics were made with OLEX2 and MERCURY. [42] Crystal data, particular details and CCDC reference numbers are given in Table 4 . *one or two words that highlight the emphasis of the paper or the field of the study
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